Abstract-Current advanced spaceborne synthetic aperture radar (SAR) systems may operate at multiple imaging modes, including conventional modes as stripmap, ScanSAR and spotlight, as well as the state-of-the-art SAR modes, e.g., sliding spotlight, TOPS (Terrain Observation by Progressive Scans) and inverse TOPS etc. A novel image formation scheme for unified processing spaceborne SAR data was proposed, which significantly simplified complexity of SAR processor sub-system. The unified-model-coefficient (UMC) was defined for modeling all SAR modes by means of analyzing both imaging geometry and time-frequency diagram corresponding to each imaging mode, respectively. The unified mathematical formula for modeling all SAR modes echo signal was derived as a function of UMC. Consequently, a unified image formation scheme for accurately focusing spaceborne SAR data in an arbitrary mode was proposed, which integrates all of SAR image formation procedures into a standard three-step processing framework, namely, de-rotation, data focusing and re-sampling, which evidently improve efficiency and robustness of data processing sub-system. Computer simulation experiment results verify the effectiveness of the proposed scheme.
INTRODUCTION
Spaceborne Synthetic Aperture Radar (SAR) plays more and more significant roles in both civil remote sensing and military surveillance applications [1] [2] [3] [4] [5] . In order to satisfy the requirements from recent remote sensing applications, most currently advanced spaceborne SAR sensors have multiple imaging modes to implement high-resolution and wide-swath Earth observation capability, which may operate at both conventional SAR modes, including stripmap mode, ScanSAR mode as well as spotlight mode, and state-of-the-art SAR modes, including sliding spotlight mode, TOPS (Terrain Observation by Progressive Scans) mode and inverse TOPS mode et al. [6] [7] [8] [9] .
Current SAR processor should employ various image formation algorithms for focusing different imaging modes SAR data. As for conventional modes, several classical image formation algorithms were proposed, including SPEACAN algorithm [10] , range Doppler algorithm (RDA) [11] , chirp scaling algorithm (CSA) [12] , extended chirp scaling algorithm (ECSA) [13] , frequency scaling algorithm (FSA) [14] , polar format algorithm (PFA) [15] , and wavenumber domain algorithm (WDA) [16] , as well as their modified algorithms [17] [18] [19] [20] . SPEACAN algorithm has high efficiency for focusing ScanSAR data, but it cannot be applied to process other modes of SAR data, due to highly approximate assumptions. RDA is only suitable for focusing the low/moderate-resolution SAR data, e.g., stripmap data, for low efficiency and accuracy in processing SAR data with large range cell migration (RCM). CSA performs well in both efficiency and accuracy performance but only for processing stripmap data, since it cannot deal with azimuth spectral folding in spotlight, sliding spotlight, TOPS and Inverse TOPS data. ECSA is only applied in processing ScanSAR data, because of neglecting the range-dependent property of second range compression (SRC). FSA, PFA and WDA are proposed mainly for processing spotlight data, which cannot be utilized for focusing SAR data in wide-swath modes, e.g., TOPS, Inverse TOPS and ScanSAR.
For the state-of-the-art imaging modes, several specified imaging formation algorithms were recently developed [21] [22] [23] [24] [25] . A two-step image formation algorithm was proposed for processing spotlight and sliding spotlight SAR data [21] . Moreover, baseband-azimuth-scaling (BAS) algorithm [22] and extended three-step algorithm (ETSA) [23] were developed for focusing both TOPS and sliding spotlight SAR data. However, both BAS and ETSA cannot be utilized to process stripmap, ScanSAR and spotlight SAR data. Meanwhile, the twostep image formation algorithm is not feasible for processing stripmap, ScanSAR and TOPS SAR data. Therefore, no image formation algorithms can focus all modes spaceborne SAR data. As a result, different imaging formation algorithms have to be developed in SAR processor to accurately focus multiple modes SAR data, which leads to degradations on accuracy and efficiency of data processing at groundsegment of SAR satellite.
In order to solve this problem, a unified-model-coefficient (UMC) was firstly defined in this paper, for uniformly modeling all SAR modes according to their UMC value. As a result, a unified image formation scheme was proposed, which synergizes all modes SAR processing procedures into a standard three-step processing framework, namely, de-rotation, data focusing and re-sampling processing steps. Different from the traditional image formation schemes, which have to employ different image formation algorithms for focusing the specified mode of SAR data, the proposed scheme is capable to focus the multiple modes SAR data through only one unified three-step procedure, which means all modes SAR data can be automatically identified according to its UMC value calculated by using auxiliary data from SAR raw data records. Therefore, efficiency and robustness of ground-processing system of SAR satellite is evidently improved. In Section 2, the UMC is defined based on spaceborne SAR observation geometry.
Moreover, the mathematical model for describing relationship between UMC and the imaging modes is also investigated in details. In Section 3, a novel data processing scheme is proposed based on UMC. Section 4 demonstrates the simulation results by implementing the unified three-step image formation scheme for data processing. Finally, conclusions are presented in Section 5.
UNIFIED GEOMETRY FOR SPACEBORNE SAR
A unified geometry for spaceborne SAR imaging modes is shown in Figure 1 , where unified-model-coefficient (UMC) γ is defined by
where R rs represents the minimum distance from rotation point to SAR sensor, and R rg denotes the minimum distance from rotation point to ground scene [24] , and subscripts r, s, and g are referred to as rotation point, SAR sensor, and ground target, respectively. SAR Doppler history characteristics are fundamentals of unified data processing. On basis of defining UMC parameter, Doppler history characteristic of each SAR mode can be analyzed according to its UMC value by introducing Doppler time-frequency diagram (TFD) (see Figures 2-7 ), respectively. A 1 , A 2 and A 3 represent three targets located along azimuth direction, namely, A 1 and A 3 denote the azimuth corner point targets, while A 2 accounts for the center point target in the ground scene. And, X L and X R represent the regions with insufficient accumulation of illumination time. Moreover, v, λ, ω ϕ and f prf are referred to as satellite velocity, radar wavelength, azimuth antenna-beam angular velocity and pulse repetition frequency (PRF). Furthermore, k r and k ω represent Doppler rate and antenna sweep rate [6] , respectively, which can be written as
B 3 dB represents 3 dB Doppler bandwidth. And, f prf should be larger than B 3 dB for satisfying the Nyquist sampling theorem, which is the precondition for SAR data processing.
B max stands for the maximum Doppler bandwidth of each target that defines the best azimuth resolution. B max can be written as
B tar denotes the Doppler bandwidth for each point target in reality, which defines the real azimuth resolution. B tar is given by
where T tar refers to target illumination time.
B total is referred to as the total Doppler bandwidth [22] , consisting of B 3 dB and B steer , which is given by
B steer denotes the Doppler bandwidth resulting from azimuth antenna-beam steering, which can be written by (6) where T scene represents scene illumination time.
Stripmap Mode
As for stripmap mode, azimuth antenna-beam is steered about infinity, namely, rotation point locates at infinite (see Figure 2) . Therefore, azimuth antenna-beam points along a fixed direction, which means B steer is equal to zero. Moreover, target illumination time T tar is calculated by B 3 dB /k r , considering γ = 1 in stripmap mode, B total = B max = B tar is deduced according to the Equations (3)- (5). 
Sliding Spotlight Mode
As shown in Figure 3 , azimuth antenna-beam is steered about a rotation point located underground, and the steering direction is from forth to back in sliding spotlight mode. Accordingly, antenna-beam footprint move at a lower velocity, leading to larger target illumination time and improved azimuth resolution with respect to that of stripmap case. Because of antenna-beam steering, an extension of Doppler bandwidth B steer is appearance, resulting in azimuth spectral folding
Flying orbit phenomenon, namely, B total is larger than f prf . Furthermore, γ > 1 in sliding spotlight mode according to the imaging geometry, and B max is equal to B tar on basis of TFD.
Spotlight Mode
Rotation point is located on the surface of scene in spotlight mode (see Figure 4) , and the steering direction is the same as the sliding spotlight case. Therefore, antenna-beam footprint keeps stationary on ground, and all the targets are illuminated at the same time, resulting in T tar = T scene . For a determined steering angle range, spotlight mode provides the best azimuth resolution. Theoretically speaking, steering angle range is from −π to π, which means T tar can be diverges to infinity and B max can be diverges limit value. Actually, T tar is limited according to the required azimuth resolution, so the real azimuth resolution is dependent on B tar . As a result, γ diverges to infinity, and B max is larger than B tar in spotlight mode, which is different from other SAR modes.
Inverse TOPS Mode
In inverse TOPS mode, rotation point is located between ground and sensor, so γ is negative according to the definition in Equation (1). Azimuth antenna-beam is steered with the same direction as sliding spotlight and spotlight modes, while the antenna sweep rate k ω is larger than Doppler rate k r , which is the particular characteristic of inverse TOPS mode. Wide-Swath image can be acquired in inverse TOPS mode, but a larger steering angle is required when compared with TOPS mode. 
TOPS Mode
As for TOPS mode, rotation point is located above the SAR sensor, which is shown in Figure 6 . It employs a very simple counter-clockwise steering of azimuth antenna beam, namely, the opposite direction comparing to inverse TOPS, spotlight as well as sliding spotlight modes, so k ω is negative only in TOPS mode. The azimuth resolution reduction is caused by a shorter target illumination time, and B tar is smaller than f prf . However, the total Doppler bandwidth B total might span over several f prf intervals for antenna-beam steering. Therefore, the azimuth frequency aliasing is also happened in TOPS mode. 
ScanSAR Mode
As shown in Figure 7 , azimuth antenna-beam point is fixed in ScanSAR mode, which is similar with stripmap mode. However, a larger illumination area in cross-track direction is obtained by switching the elevation beam. Therefore, every target is illuminated with only a small portion of the antenna pattern, and azimuth resolution is reduced comparing with stripmap mode. ScanSAR is a sub-aperture imaging mode, and all the targets have accumulated the same illumination time, resulting in T tar = T scene and B total = B 3 dB .
Summary
Considering all SAR imaging modes, several important parameters are compared and summarized in Table 1 . 
Based on the analysis above, arbitrary SAR imaging mode is satisfied the Equations (4) and (5) . However, all the above analysis is only consider the conference slant range, so it is necessary to study the characteristic of UMC along slant range.
Actually, the significant discrimination among SAR imaging modes is the steering rules of azimuth antenna-beam, which affect the azimuth antenna pattern (AAP) modulation shown as follow
where L represents the length of azimuth antenna, and r represents slant range. Since UMC can indicate both steering direction and angular velocity ω ϕ of azimuth antenna-beam, azimuth antenna pattern can be rewritten as a function of UMC. Considering ω ϕ = v/R rs is independent on slant range, AAP is given by
where the modified UMC, i.e., γ(r), can be given by
γ(r) slightly varies with r, leading to azimuth resolution ρ a (r) changes with r, which was neglected in [6] [7] [8] [9] [10] [18] [19] [20] [21] [22] . Moreover, this phenomenon was considered in the following analysis, and some significant conclusions were deduced based on the modified UMC.
UNIFIED SAR IMAGE FORMATION SCHEME

Unified Mathematic Model
The unified mathematical model of spaceborne SAR modes is given by
where rect(·) represents the rectangular window, W r (t) the range antenna pattern, p(·) the envelop of linear frequency modulation signal, b the signal frequency modulation rate, c the speed of light, and τ and t represent range fast time and azimuth slow time, respectively. The slant range history r(t; r) is given by
Moreover, the contribution focus on the azimuth signal processing, assuming that range cell migration (RCM) and amplitude factors have been corrected. Then, azimuth signal can be given by
where X ∆θ = λr/L is the azimuth antenna footprint.
By applying the stationary phase method, azimuth Doppler spectrum can be written as
For full-aperture imaging mode, the first term of Equation (13) defines Doppler history characteristic. As for sub-aperture imaging mode (namely ScanSAR), the second term plays the decisive role. However, whether full-aperture or sub-aperture imaging mode, B total is composed by two parts, i.e., B 3 dB and B steer . Furthermore, B 3 dB and B steer are independent with slang range, which means B total is not variant with UMC. And, this is the theoretical fundamentals of the proposed unified three-step image formation scheme for focusing spaceborne SAR data in arbitrary mode.
Step 1: De-rotation Processing
Because of azimuth antenna beam rotation, the total Doppler bandwidth might span over several f prf intervals. In order to avoid azimuth spectral aliasing, the first step is implemented to compensate B steer , which is named de-rotation operation.
The de-rotation operation involves azimuth signal convolution between the raw signal and the following signal [6] H De-rotation (t) = exp jπk ω t 2 (14) Then, the convolution result is given by
where k e (r) is given by k e (r) = 2v 2 λ (R rs − r) (16) According to the geometry of Figures 2-7 , the inequality is given by
So, the second term plays a significant role. And some important conclusions after de-rotation operation are given by mathematic derivation:
(1) The targets located at different azimuth position are totally overlapped after de-rotation, so the azimuth weighting could be implemented following de-rotation operation. Moreover, the signal time width T in azimuth deduced according to the second term of Equation (15) is give by
(2) After de-rotation operation, the equivalent PRF, referred to as f prf is given by (19) where N is the point number of fast Fourier transform (FFT). (3) In order to avoid azimuth spectral overlapping, f prf > B total should be satisfied. So, the zero padding is applied before de-rotation, and N is selected according to the Equation (20) . (20) where, N a is the point number of azimuth raw signal and N 0 the point number of zero padding that is independent on slant range r. (4) After zero padding, the width of time domain T 1 is given as follow
As shown in Equation (21), T 1 is longer than T . So, there is no time aliasing after de-rotation operation.
(5) For stripmap and ScanSAR mode, k ω is zero. That is means the de-operation is not necessary for the processing of stripmap and ScanSAR data.
(6) De-rotation can be implemented by means of complex multiply and FFT, including azimuth de-chirp, azimuth FFT and azimuth rechirp [21] [22] [23] .
Step 2: Data Focusing
Since the folding effect in azimuth frequency domain is overcome after de-rotation operation, any of the image formation algorithm kernel, for example, CSA, WDA, RDA, FSA, et al., can be employed to implement range cell migration correction (RCMC), range compression, second range compression (SRC), as well as hyperbolic phase remove. Note that, the equivalent PRF should be used, when the data focusing step is implemented.
However, in order to realize both high-resolution and wide-swath, a large azimuth steering angle range is required, which means the targets at azimuth edge are illuminated with a squint angle. So, current squint mode imaging algorithms, e.g., nonlinear CS (NCS) algorithms [25] , 2D interpolation algorithm [17] , azimuth nonlinear chirp scaling (NLCS) algorithm [20] et al., can be also selected to implement data focusing in Step 2.
Considering the processing efficiency and accuracy, the CSA algorithm kernel is adopted in this paper [12] . And, the phenomenon of high order phase error in 2D frequency and the curved orbit are also taken into account in sliding spotlight mode and spotlight mode [26] .
So, according to different data processing requirements, different algorithm kernels can be chosen in unified image formation scheme three-step, which improves the flexibility and robustness of SAR processor.
Step 3: Re-sampling Processing
Because of de-rotation operation, image aliasing will likely occur in azimuth, if azimuth inverse fast Fourier transform (IFFT) is applied after hyperbolic phase removing. The condition of image aliasing is given by
where T image is the azimuth time of final image. So, the lower limit of f prf is |k ω |X s /v. However, the higher f prf is, the narrower the swath is and the larger N a is. And, if N a become larger, data processing efficiency will deteriorate. In order to avoid image aliasing, an innovative re-sampling operation is proposed that could overcome the image aliasing without limitation by Equation (22) . Since the targets located at different azimuth position are overlapped in time domain, and separated in Doppler domain. By using the stationary phase method, the Doppler domain expression of
Because X ∆θ < vT scene /γ(r 0 ), the third term in (27) plays a significant role. Therefore, the azimuth time extension ∆T is given by The same result can be derived by using azimuth time-frequency diagram shown in Figure 8 . However, ∆T usually is small enough to be neglected.
Furthermore, the quadric phase is compensated by Equation (30):
Then, the image is obtained by azimuth IFFT. After re-sampling operation, the re-sampling rate f prf is given by
Then, azimuth time width T can be written as
According to the unified geometry, the inequality is given by
So, combined the Equations (32) and (33),
That means the azimuth aliasing of image is overcome.
The flowchart of image formation scheme for unified SAR data processing is shown in Figure 9 , and the CS algorithm kernel is adopted to finish data focusing.
SIMULATION AND DISCUSSIONS
The numerical simulations were implemented in order to verify the effectiveness of the proposed method. The simulation parameters are listed in Table 2 . Assuming 9 point targets were displaced in the scene with constant interval d apart from each other (see Figure 10 ). In order to verify the applicability of unified image formation scheme for processing both the conventional SAR imaging modes and the state-of-the-art imaging modes, and to prove the conclusion that azimuth resolution varies with slant range, special parameters are selected in different imaging mode. To evidently demonstrate the change of azimuth resolution, d is set as the 5000 m, 2000 m, 1000 m, 3000 m, 3000 m and 2000 m in stripmap, sliding spotlight, spotlight, inverse TOPS, TOPS and ScanSAR mode, respectively. Simultaneously, to verify the capability of unified image formation scheme for dealing with the high resolution imaging modes, including spotlight and sliding spotlight mode, and the wide swath imaging modes, including TOPS, inverse TOPS and ScanSAR mode, the pulse bandwidth is set as 100 MHz, 500 MHz, 1000 MHz, 25 MHz, 20 MHz and 12 MHz in stripmap, sliding spotlight, spotlight, inverse TOPS, TOPS and ScanSAR mode, respectively. According, the sampling rates are 110 MHz, 550 MHz, 1100 MHz, 35 MHz, 30 MHz and 20 MHz.
The simulated data include the radar echoes from a 3 × 3 point targets array. And, the unified image formation scheme is implemented for SAR data processing. Then, the impulse response contour plot of the point target P 1 are shown in Figure 11 . Moreover, Table 3 demonstrates the quality measurement results of the point target P 1, P 5 and P 9. Note that the rectangular window is used in azimuth. According to the imaging qualities analysis of targets, we can find that multiple imaging modes of SAR data can be accurately processing by utilizing the proposed unified image formation scheme. And, the changes of azimuth resolution are also observed. Azimuth resolution of the point target at near slant range is better than the one at the far slant range in spotlight, inverse TOPS, TOPS and ScanSAR mode. However, opposite conclusion is obtained for sliding spotlight mode. Moreover, azimuth resolution is almost changeless in stripmap mode.
CONCLUSIONS
This paper proposed a novel unified image formation scheme for spaceborne SAR data processing. All spaceborne SAR imaging modes were quantitatively described by introducing a new parameter, i.e., UMC, basing on theoretical analysis together with SAR imaging geometry and time-frequency diagram.
A novel unified three-step image formation scheme is developed using UMC. The first step is to compensate extension of Doppler bandwidth effect result from azimuth antenna-beam steering. The second step implements azimuth and range focusing procedure. And, the third step removes image aliasing effects by means of re-sampling operation. Consequently, all of SAR image formation procedures can be merged into a standard three-step processing framework, by which spaceborne SAR data processing is greatly simplified. As a result, the efficiency and robustness of data processing sub-system at SAR ground segment could be significantly improved.
UMC is defined as a one-dimension parameter in this paper. However, there would be new SAR modes being undergoing development, which may have different steering rules of range antennabeam (e.g., azimuth + range steering). If the new imaging modes cannot be described by the UMC defined in the manuscript, a refined two-dimensional UMC should be studied for describing both azimuth and range steering rules of antenna-beam. And, this problem will be studied in our future work. 
